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I. INTRODUCTION
T HE concept of homojunction interfacial workfunction internal photoemission (HIWIP) far-infrared (FIR) detectors was demonstrated on commercial Si, Ge, and InGaAs p-i-n diodes operated at 4.2 K, showing cutoff wavelengths up to 200 m [1] . The operation of HIWIP detectors is based on the internal photoemission occurring at the interface between a heavily doped absorber/emitter layer and an intrinsic layer, with the cutoff wavelength mainly determined by the interfacial work function : ( m) (eV). The detection mechanism of HIWIP detectors involves FIR absorption in the highly-doped thin emitter layers by free carrier absorption followed by the internal photoemission of photoexcited carriers across the junction barrier and then collection. Our modeling studies [2] , [3] have shown that Si HIWIP FIR detectors could have a performance comparable to that of conventional Ge FIR photoconductors [4] or Ge blocked-impurity-band (BIB) FIR detectors [5] , with unique material advantages. Therefore, this novel detector approach provides considerable promise for developing FIR imaging devices, by taking advantage of a mature Si or GaAs material technology and a tailorable which covers several tens to a few hundred micrometers.
In addition to silicon, the recent rapid development of GaAs based long-wavelength quantum well focal plane array cameras makes GaAs another promising candidate for developing HIWIP FIR detectors. Although the progress of n-GaAs FIR photoconductors has been slow due to difficulties in growing high purity materials [4] , we have successfully demonstrated the first GaAs HIWIP FIR detectors using thin, highly doped p and undoped i multilayer structures [6] . The thin emitter layer offers high internal quantum efficiency due to the low inelastic hole-hole and hole-phonon scattering, and the high doping concentration facilitates strong free carrier absorption. Multilayer structures are used to further increase the quantum efficiency due to the increased photon absorption efficiency and possible photocurrent gain enhancement [2] , also demonstrated in stacked SiGe/Si heterojunction internal photoemission detectors [7] .
The theoretical analyzes for silicon [2] , [3] , [8] - [10] can explain the performance of GaAs device structures with some modifications. In this paper, a comparison of modeling and experimental results on the performance of p-GaAs HIWIP FIR detectors as a function of emitter layer concentration is reported, since, from the operation and detection mechanisms discussed above, the emitter layer concentration plays a key role in the detector performance. In addition to the cutoff wavelength and responsivity, which are very important parameters for detectors, the dark current is another factor influencing the noise equivalent power (NEP) or detectivity of detectors. The studies of dark current characteristics, cutoff wavelength, and the detector responsivity described here should lead to a clearer understanding of how the doping concentration affects the detector performance, which will be critical to detector design and optimization.
II. EXPERIMENT
Measurements were made on three p-GaAs FIR HIWIP detector samples grown by molecular beam epitaxy (MBE) with the substrate temperature of 560 C. The MBE epilayers consist of a 4000Å cm bottom contact layer, a 1500Å cm 0018-9383/98$10.00 © 1998 IEEE top contact layer. The emitter layers were doped with Be which has an ionization energy of 28 meV in p-GaAs. The doping concentration is betweencm . The top and bottom contact layers were doped tocm , far above the Mott transition value to ensure an ohmic contact. The schematic of the detectors after device processing and their energy-band diagram are shown in Fig. 1 with the key nominal sample parameters given in Table I . Good control of MBE growth is indicated by secondary ion mass spectroscopy (SIMS) measurements. The contact was formed by deposition of TiPt-Au. The GaAs HIWIP FIR detectors were characterized by current-voltage ( ) measurements and photoresponse. The responsivity was obtained using a Perkin-Elmer, system 2000, Fourier transform infrared spectrometer (FTIR), and a Si composite bolometer as the reference.
III. DARK CURRENT CHARACTERISTICS
Unlike the case of GaAs/AlGaAs quantum well infrared photodetectors (QWIP's), where the characteristics show asymmetric behavior under positive and negative biases normally due to the asymmetrical growth of GaAs/AlGaAs and AlGaAs/GaAs interfaces [11] , the present GaAs homojunction FIR detectors display symmetric characteristics. Fig. 2 shows the dark characteristics at 4.2 K for the three detectors under positive biases, together with the dark current value near zero bias shown in the inset. It is seen that the three detectors display almost same dark current at high biases, in contrast to the case of near zero bias where the dark current increases rapidly with the doping concentration. The dark current is modeled by assuming a uniform electric field in the multilayers, and thermodynamic carrier equilibrium. The properties of the multilayer detector are treated as repeat units, as in the case of QWIP's [11] . The energy band diagram for a HIWIP FIR detector should include both the multiple-image-force (MIF) and space-charge (SC) effects. The latter is due to the free-carrier spillover from the heavily doped layer into the undoped i layer. The dark current is the sum of space-charge-limited (SCL) current, thermionic emission (TE) current, and tunneling current, and as a good approximation, the SCL current, TE current and tunneling current can be treated separately [10] .
At low temperatures required for the HIWIP detector operation, the effect of SCL current is clearly negligible. The TE current density is given by the Richardson-Dushmann equation (1) where is the Richardson constant and is the Boltzmann constant. The tunneling current is a combination of thermionic field emission (TFE) and field emission (FE), given by (2) where , the difference of Fermi-Dirac distribution functions in emitter and collector layers, the total energy of the tunneling holes, the transverse energy, and the effective hole mass. is the tunneling probability and can be obtained in the Wentzel-Kramers-Brillouin (WKB) approximation (3) where is the wave vector related with electrical field in the tunneling direction, and are the classical turning points. The detailed expressions have been given elsewhere [3] , [9] , [10] . The total dark current is with the detector area of cm . From the theory, it can be determined that the thermionic field emission (TFE) is the major source of dark current in our p-GaAs HIWIP detectors at 4.2 K, so that small increase in dark current with increasing doping is expected as a result of a slight modification to the Fermi-Dirac distribution (see Section IV). The dark current calculated for the three detectors is also shown in Fig. 2 . The parameters for calculation can be found in Table I of [8] , except the hole scattering length and mobility, where 58Å and 400 cm /Vs were used, respectively, for GaAs [12] . The dark characteristics are almost independent of the doping concentration, in good agreement with the experimental results. Although the general trends are correct we note that there is nearly one order of magnitude dark current difference between the experiment and theory. This fact is due to the existence of leakage current, as pointed out before [13] , since no guard rings are used in the detector structures, which are widely used in Schottky-barrier and SiGe/Si detectors to suppress the edge leakage [14] . Further evidence of this leakage can be seen from the experimental fact that the dark current increases superlinearly with the mesa area [see inset (ii) in Fig. 2 ], in contrast with the linear relation of (3) .
The calculated dark current near zero bias is also independent of the doping concentration [see inset (i) in Fig. 2] , whereas the experimental data show a rapid increase with increasing concentration. We attribute the difference as due to the existence of surface or interface defect states in the higher doping concentration samples. The origin of these defect states can be the dangling bonds in the interfaces, Coulomb potential of charged ions, and impurities near interfaces. The existence of surface or interface defect states can result in recombination via the defect states and generate tunneling current (it increases with the defect states and applied bias), which dominates the dark current at low biases. The high experimental dark current in the high doping emitter layer samples near zero bias can be attributed to the high tunneling current and is associated with high surface or interface defect states. However, with increasing bias, the contribution of thermionic field emission rapidly increases and dominates the dark current, resulting in almost the same experimental dark current at high biases even in different doping samples. Further evidence for the identification of these defect states can be clearly seen from the detector response spectra, where a remarkably reproduciable spike response was observed in the spectra of highly doped emitter layer samples [6] . The sharp response was attributed to the localized nature of the defect states. Defects have been found to be the source of tunneling currents in HgCdTe detectors [15] , and the elimination of these imperfections is a significant material challenge yet to be overcome, and the defect induced current has also been found in advanced MBE technology for GaAs/AlGaAs QWIP's [11] , [16] . Recently, a successful approach reported in the literature described reduction of the dark current density due to the surface or interface defects by using thin films to passivate the detector surface [17] , this also seems to be necessary for HIWIP detectors, especially for the highly doped emitter layer cases.
IV. CUTOFF WAVELENGTH
The responsivity curves of GaAs HIWIP FIR detectors show a strong bias dependence, increasing significantly with increasing bias [6] . However, the bias can not be increased indefinitely because of the increase in dark current. The cutoff wavelength for each bias, for a HIWIP detector is determined, shown in [6] , as the wavelength at which the mean response (of at least 8 curves) first reaches the same level as the maximum standard deviation of the spectra (i.e., noise level). The also shows a strong bias dependence due to the MIF and SC effects. The longest s obtained from the responsivity spectra is m for no. 9404 at 91.5 mV bias, m for no. 9401 at 193.0 mV bias, and m for no. 9603 at 157.0 mV bias.
The lowering of the band edge due to high doping can be described using the high density (HD) theory. A simple expression for the shift of the majority band edge, , that can be used for all n-and p-type semiconductors [8] , [18] was employed (4) Here is the doping concentration, (eV) is the effective Rydberg energy, (Å) is the effective Bohr radius, is the effective density-of-state mass, is the relative dielectric constant, is the correction factor, and is the number of band minima. The parameters for pGaAs can be found in [8] . The expression for the Fermi energy to take the multiplicity of the majority band into account is given by [19] (5) However, the Fermi level determined by using the conventional density of state is considerably larger than the value determined directly from the observed luminescence spectra [18] . A comparison of the calculated results from (5) with the luminescence results [18] gave, for p-GaAs, a difference of about meV for doping concentrations between to cm , and even smaller differences with higher concentrations. This difference is included here by using a modified Fermi level expression (meV), so the workfunction used is (6) where the last term is the image force barrier lowering due to the electric field .
Using the above equations, the doping concentration dependence of and at zero bias was calculated, as shown in Fig. 3 , together with the experimental workfunction results [corrected to very low bias by (6)] by solid circles. It is seen that the experimental is in reasonable agreement with the calculations using the HD theory. This result demonstrates 1) the successful fabrication of GaAs HIWIP FIR detectors using the interfacial work function, and 2) the reliability and simplicity of HD theory in calculating the shift of the band edge in highly doped semiconductors. On the other hand, much longer
GaAs HIWIP detectors could be obtained by employing the emitter layer concentration in the order of 10 cm , since, from the HD theory shown in Fig. 3 , only a small increase in doping concentration can cause a large decrease in work function (large increase in ).
V. RESPONSIVITY
From the HIWIP detection mechanism, it is seen that the free carrier absorption plays a very important role in the detector performance. It is important to understand the FIR free carrier absorption behavior in heavily doped GaAs thin films, due to both fundamental and device performance reasons. Although the free carrier absorption in p-GaAs has been widely studied in the literature, this was limited to relatively short wavelengths ( 20 m) [20] . No free carrier absorption data were available for the wavelength range 50 m, where the HIWIP FIR detectors usually work. Shen et al. recently reported, both experimentally and theoretically, the strong free hole absorption in a p GaAs thin film in 50-200 m FIR region, revealing the suitability for FIR detection [13] . Another important result, in agreement with theory, is that the free carrier absorption coefficient is almost independent of the FIR wavelength, in contrast with the wavelength squared dependence for shorter wavelengths. The same conclusion has been obtained in Si thin films [21] .
Here, the free hole absorption in three highly doped ( , , and cm ) reference p-GaAs thin films (thickness of 1000Å) grown by the same MBE system as the detectors is reported. In addition to the confirmation of above results, the relationship between the free hole absorption coefficient and the hole concentration, which is the most important result in connection with the HIWIP detectors, was also obtained. The strength of the free hole absorption at a wavelength of 80 m is shown in the inset of Fig. 4 . The absorption can be well described by a linear relation between the absorption coefficient and the concentration of holes, just as in the case of Si thin films [21] , [22] . The fitted regression formula as a function of hole concentration is found to be cm (7) A high absorption coefficient (10 -10 cm ) in FIR range is an important advantage for HIWIP detectors. Also the absorption coefficient is almost independent of temperature due to the almost temperature invariant carrier concentration and mobility. The responsivity of a HIWIP detector is proportional to its total quantum efficiency, which is the product of photon absorption probability, internal quantum efficiency, and barrier collection efficiency [2] . Since the Fermi level , work function and hole mobility do not change very much with the hole concentration in the experimental region ( -cm ) (see Section IV), it is assumed that the internal quantum efficiency and barrier collection efficiency do not change with the doping concentration. All three detector samples have ten multilayers, hence they should have the same photocurrent gain enhancement. Taking these into account, the variation of the detector responsivity with the doping concentration should follow that of the absorption probability. Fig. 4 . Theoretical (solid curve) photon absorption probability as a function of hole concentration by using the linear relationship [ (7)] shown in the inset and the ten-layer detector structure parameters given in Table I The photon absorption probability for multilayer HIWIP detectors can be calculated as (8) where is the front surface reflection and is the free carrier absorption coefficient in emitter layer (thickness ). By using the experimental relationship in (7) and , and the layer parameters of the detectors, the photon absorption probability was calculated for HIWIP detectors as a function of carrier concentration, and compared with the experimental results for detector responsivity near 50 mV forward bias, shown in Fig. 4 . Due to the difference in the parameter of (see Table I ) from the other two detectors, the experimental responsivity of detector no. 9404 has been scaled to the same parameters as no. 9401 and no. 9603 by comparing with the different absorption probability in no. 9404. The experimental responsivity of the detectors follows the absorption probability well. The small deviation at high concentration is due to the slight decrease in diffusion length, which affects the collection efficiency. Furthermore, it can be seen that the photon absorption probability increases rapidly when the hole concentration increases from to cm . Since the collection efficiency changes much less than the absorption probability (as seen above), this strong enhancement of the photon absorption probability with the carrier concentration shows that highly doped ( 10 cm order) emitter layers are more attractive for higher quantum efficiency (and responsivity) in p-GaAs HIWIP FIR detectors.
VI. DISCUSSION
From Sections IV and V, it is clear that higher performance and longer p-GaAs HIWIP FIR detectors can be obtained with the emitter layer concentration in the order of 10 cm . However, the surface or interface defect states can influence both the dark current and the responsivity spectrum. Some passivation procedures may be necessary to overcome this problem. Further attempts to enhance the performance can be made by using of an optical cavity or an antireflection coating (especially for shorter wavelength structures) to increase the internal photoemission efficiency.
Using the measured peak responsivity and the dark current data, the peak noise equivalent power (NEP) of these detectors was estimated at 4.2 K and 50 mV forward bias to be of the order of W/ Hz [ -cm Hz/W]. Table I also gives the NEP value of each detector. The NEP value decreases with increasing doping concentration due to the increase in absorption efficiency (and also the responsivity). The response of detectors shows a broad spectrum (20-70 m) [6] , the responsivity can further be enhanced by using filters to narrow the incident bandwidth [1] . Since there is near one order of dark current leakage, the NEP values of the p-GaAs HIWIP FIR detectors could reach about 10 -10 (or even 10 ) W/ Hz by using optimum detector parameters and guard rings to suppress the edge leakage. The previous p -n-n samples showed extremely low dark current, approaching the measurement limits [2] . Embedding the HIWIP detectors in a p-n junction will give rise to a similar situation which could lead to much lower dark current and NEP.
In this paper, the effect of emitter layer concentration on the performance of detectors was discussed. Three other detector parameters yet to be studied in connection with the detector performance are: 1) the number of multilayers, 2) the emitter layer thickness, and 3) the intrinsic layer thickness. The optimum number of multilayers should be decided by considering both the gain mechanisms, such as impact ionization and initiation of electron-phonon cascade, and the loss due to scattering and trapping etc. With a simple estimate [2] this is found to be . Reducing the emitter layer thickness enhances the internal quantum efficiency since photo-excited holes would suffer less inelastic scattering; however, it also reduces far-infrared absorption as well. Thus, the optimal layer thickness is determined by the tradeoff between absorption and internal quantum efficiency. Recently, we have presented theoretical results of the intrinsic region effect on the performance of silicon HIWIP FIR detectors [10] . It is shown that due to the SC effect, the optimum operating conditions of detectors also depend on the intrinsic layer thickness and compensating acceptor/donor concentration.
VII. CONCLUSION
In conclusion, a theoretical and experimental study of the performance of p-GaAs HIWIP FIR detectors as a function of emitter layer concentration was carried out. Thermionic field emission was found to be a major source of dark current. By comparison with the theory, the leakage current and defect induced current have been identified. A reasonable agreement was found between the experimental and the HD theory. A linear regression relationship between the absorption coefficient and the hole concentration has been obtained and employed to calculate the photon absorption probability, which is found to follow the detector responsivity well. Higher performance and longer p-GaAs HIWIP FIR detectors are expected by using emitter layer concentrations of the order of 10 cm , and with some modifications on the devices. Further work is needed to find the optimum number of multilayers, emitter layer thickness and intrinsic region parameters to achieve the optimum HIWIP structures for FIR focal plane arrays. 
